Monohydroxylated fatty acids (HO-FA), namely 12-hydroxyeicosatetraenoic and 12-hydroxyheptadecatrienoic acids, are enzymatically formed in response to platelet activation. Different techniques, including gas chromatography (GC) and liquid chromatography-mass spectrometry (LC-MS), have been described to measure HO-FA in activated cells, but they are not well-adapted to resting cells. Measurements of free and esterified HO-FA at basal concentration require the prevention of platelet activation. For this purpose, such an activation was minimized by adding various inhibitors to the anticoagulant. Platelet recovery was greater in the protected group than in controls (473 ؋ 10 9 ؎ 4.0 ؋ 10 9 platelets/L vs 410 ؋ 10 9 ؎ 4.53 ؋ 10 9 platelets/L, respectively) (mean ؎ SEM, n ‫؍‬ 9, P <0.05). Lipids were extracted and immediately hydrogenated to avoid fatty acid autoxidation occurring during the workup. Unesterified and esterified HO-FA were analyzed by GC-MS, and the former were lower in the protected group (1.52 ؎ 0.84 pmol/10 9 platelets) than in the unprotected one (12.63 ؎ 10.52 pmol/10 9 platelets) (mean ؎ SEM, n ‫؍‬ 9, P <0.05). Interestingly, only traces of HO-FA were detected in both the triglyceride and sterol ester fractions, and they were also weakly esterified in phospholipids.
Monohydroxylated fatty acids are synthesized from a wide range of polyunsaturated fatty acids and mainly derive from the lipoxygenase pathway activation [1, 2] . They can also be formed via the cyclooxygenase pathway for 12-hydroxyheptadecatrienoic acid (HHT) and via autoxidation mechanisms involving oxygen free radicals that contribute in the genesis of a variety of human diseases and tissue injuries [3, 4] . 1 These monohydroxylated fatty acids can be incorporated into blood cells and esterified into their phospholipids [5] [6] [7] [8] .
Numerous approaches have been proposed for measuring these compounds, including HPLC [9 -11] , gas chromatography-mass spectrometry (GC-MS) [12, 13] , and liquid chromatography-mass spectrometry (LC-MS) [14, 15] . However, none of them has been adapted to determine the basal concentrations of unesterified and esterified monohydroxylated fatty acids, but rather for their measurement in activated cells.
In the present study, unesterified and esterified monohydroxylated fatty acids have been measured in nonactivated platelets. For this purpose two anticoagulants were compared, the difference being the presence of a cocktail of complementary inhibitors, namely the strong calcium chelator EDTA, the cyclooxygenase inhibitor aspirin (ASA), and the adenylyl cyclase activator prostaglandin E 1 (PGE 1 ). Platelets were then isolated from their plasma, and their lipids immediately hydrogenated to prevent further artifactual monohydroxylated fatty acid formations. Monohydroxylated fatty acids were then analyzed by GC-MS. chased from Merck. The capillary column was from Hewlett Packard. synthesis of 2-ricinoleoyl phosphatidylcholine 2-Ricinoleoyl phosphatidylcholine (2-ricinoleoyl-PC), used as an internal calibrator, was synthesized according to the method published by Isaacson et al. [16] and modified as follows. Both carboxyl and hydroxyl groups were protected with dimethyl-tert-butylsilyl chloride, and then a mild alkaline hydrolysis of the dimethyl-tertbutylsilyl ester according to Morton and Thompson [17] . The resulting butyldimethylsilyl ether ricinoleic acid was converted into its anhydride as previously described by Selinger and Laidot [18] . Soybean lysophosphatidylcholine was then acylated with this anhydride under mild conditions with 4-pyrrolidinopyridine according to Mason et al. [19] . The 2-ricinoleoyl-PC was then deprotected as previously described [17] and purified by TLC by using the mixture chloroform:methanol:methylamine (60:20:5 by vol, 400 mL/L in water) and finally quantified by GC with diheptadecanoyl phosphatidylethanolamine as an internal calibrator.
platelet isolation
Blood was taken from healthy donors onto citric acid, trisodium citrate, and dextrose as anticoagulant (ACD), with and without a mixture of 10 Ϫ3 mol/L EDTA, 2 ϫ 10 Ϫ4 mol/L ASA, and 10 Ϫ6 mol/L PGE 1 . All the donors gave informed consent. We called platelets isolated from blood taken onto ACD without inhibitors ''unprotected platelets'' and platelets isolated from blood taken on the anticoagulant containing the mixture of inhibitors ''protected platelets.'' Blood was then centrifuged at 200g for 17 min. The supernatant (platelet-rich plasma) was acidified to pH 6.4 with 0.15 mol/L citric acid and spun down for 10 min at 900g [20] . The pellets were resuspended into Tyrode HEPES buffer, pH 7.35, and platelets were counted with a thrombocoulter counter.
lipid extraction
Lipids were extracted twice with a mixture of chloroform: ethanol (2:1 by vol) containing 2 nmol of 2-ricinoleoyl-PC and 1 nmol of ricinoleic acid used as internal calibrators, and the water phase was acidified to pH 3 before the second extraction step. Lipids were immediately hydrogenated by hydrogen bubbling for 6 min in the presence of PtO 2 used as a catalyst. This step is important to avoid further polyunsaturated fatty acid oxidation that would lead to artifactual monohydroxylated fatty acid formation. The catalyst was eliminated by centrifugation and the different lipid fractions were separated by silica gel TLC with the solvent mixture hexane:diethyl ether:acetic acid (60:40:1 by vol). Monohydroxylated fatty acids and phospholipids were scraped off and extracted by diethyl ether and by the mixture chloroform:ethanol (2:1 by vol), respectively. Phospholipids were treated at 100°C with 5% KOH methanolic solution for 1 h and the free mono-hydroxylated fatty acids were purified by TLC as stated above. Finally, they were converted into methyl ester, trimethylsilyl ether (TMS) derivatives as previously described [13] .
gc-ms
The methyl ester, hydrogenated, TMS derivatives were then injected into a gas chromatograph-mass spectrometer, a Hewlett Packard apparatus model 6890. The column was a 30 m ϫ 0.25 mm i.d. model HP-5MS, coated with 50 mL/L phenylmethyl siloxane as stationary phase. The carrier gas was helium at a flow rate of 1 mL/min and samples were injected with a splitless injector with a head column pressure of 54.5 kPa (7.9 psi). The temperature of the injection port was 260°C and the transfer line was kept at 270°C. The temperature program was initially set at 57°C for 5 min, increased at 20°C/min until 200°C, and then increased at 4°C/min until 270°C. Electron impact (EI) ionization was done at 25 eV. Compounds were quantified with the selected ion monitoring (SIM) mode with two specific ions resulting from the breakdown of the molecule at both parts of the O-TMS group, including the O-TMS, and selected for each derivative. The ion m/z ϭ 73, which corresponds to the TMS group, was only used as a qualifier.
statistical analysis
Data were compared by using a Student-Fischer paired t-test.
Results
Platelets were isolated from blood taken on classical ACD anticoagulant (unprotected platelets) and also on ACD containing a mixture of inhibitors of activation (protected platelets) as described in Materials and Methods. In the presence of these inhibitors, the recovery of platelets isolated from their plasma was significantly improved (P Ͻ0.05). The platelet count was 473 ϫ 10 9 Ϯ 4.0 ϫ 10 9 /L in the protected group and 410 ϫ 10 9 Ϯ 4.53 ϫ 10 9 /L in the unprotected one (mean Ϯ SEM, n ϭ 9).
After hydrogenation, the mass spectra of the monohydroxylated fatty acid derivatives showed two main specific fragments corresponding to the breakdown at both parts of the carbon carrying the derivatized hydroxyl group, including this group. The example of the 15hydroxyeicosatetraenoic acid (15-HETE) derivative fragmentation is shown in Fig. 1 . The peak at m/z ϭ 73 represents the loss of the TMS group. The quantification of the methyl ester, hydrogenated, TMS derivatives was performed as described in Materials and Methods.
The total amount of free monohydroxylated fatty acids, which can be calculated by the sum of 12-OH-17:0, 12-OH-20:0, and 15-OH-20:0, was significantly lower (P Ͻ0.05) in the protected group (1.52 Ϯ 0.84 pmol/10 9 platelets) than in the unprotected one (12.63 Ϯ 10.52 pmol/10 9 platelets) (mean Ϯ SEM, n ϭ 9). The difference was also significant (P Ͻ0.05) for both the 12-and 15-OH-20:0 (Fig. 2 ). Although not statistically tested, the amount of 12-OH-17:0 was much higher in the unprotected group (1.74 Ϯ 1.16 pmol/10 9 platelets) (mean Ϯ SEM, n ϭ 9) than in the protected one where it was undetectable. 13-Hydroxyoctadecanoic acid (13-HODE) and 5-HETE were also lowered in the protected group, but this decrease did not reach significance (results not shown). The same tendency can be observed for the total monohydroxylated fatty acids esterified in platelet phospholipids (23.48 Ϯ 22.82 pmol/10 9 platelets in the protected group vs 47.74 Ϯ 65.41 pmol/10 9 in the unprotected one, Fig. 3 ) (mean Ϯ SEM, n ϭ 9), but this does not reach significance. It is noteworthy that in protected platelets the ratio between the amount of monohydroxylated fatty acids esterified in platelet phospholipids and the amount of unesterified monohydroxylated fatty acids was about fourfold greater than that observed in unprotected platelets. This suggests that the monohydroxylated fatty acids produced in the unprotected platelets were poorly esterified in the phospholipid fraction.
In both groups, different monohydroxylated fatty acid isomers, such as 11-, 14-, and 17-OH-22:0 derived from 22-carbon polyunsaturated fatty acids, presumably from 22:6n-3, were measurable. It remains that both the 12-and the 15-OH-20:0 were the major compounds detected in platelet phospholipids. In contrast, only traces of monohydroxylated fatty acids were detected in both the triglyceride and the sterol ester fractions (results not shown).
Discussion
Our results indicate that platelet activation was prevented when blood was taken on anticoagulant containing a cocktail of complementary inhibitors. Indeed, the platelet recovery was significantly improved in the protected group. Such an activation occurring during venipuncture and during the platelet isolation process has already been established [21] . The protecting effect is due to the different inhibitors added to the anticoagulant. EDTA chelates the calcium required for the phospholipase A 2 activation, and therefore less arachidonic acid is available for both the cyclooxygenase and lipoxygenase pathways [22] . EDTA also blocks the iron-promoted peroxidation [23, 24] . On the other hand, PGE 1 also inhibits the phospholipase A 2 activity via adenylyl cyclase activation and the increased cAMP concentration, which contribute to hinder platelet activation [25] . Finally, ASA was also used to block any arachidonic acid-induced platelet activation, as it is known to inhibit cyclooxygenase [26] by acetylation of the enzyme [27] . This inhibition was effective, since Results are expressed in pmol/10 9 platelets and all values are the mean Ϯ SEM (n ϭ 9). * P Ͻ0.05 as compared with the protected group.
we were unable to detect any HHT in protected platelets. Therefore, these inhibitors minimized platelet activation during venipuncture and during their isolation and prevented the formation of microaggregates that could have been lost during the centrifugation steps.
Occasional appearance of very high concentrations of hydroxy compounds led us to suspect that autoxidation during the workup can still be a problem [28] . The hydrogenation step introduced just after the lipid extraction reduces the double bonds and eliminates the possibility of further artifactual oxidation during the sample workup and analysis. This hydrogenation also provides a simplification of the mass spectra and increases the detection sensitivity. After hydrogenation and derivatization as methyl ester and TMS, the fragmentation pattern shows two main ions resulting from the breakdown of the molecule at both parts of the O-TMS group including the O-TMS. These fragments are specific to the hydroxyl group position on the chain and are used to measure the hydroxylated fatty acids with the SIM detection mode. The saturated hydroxylated derivatives elute from the column according to their carbon chain length and the position of the derivatized hydroxyl group. For example, the 12-hydroxy fatty acid for a given chain length has the shortest retention time (20.37 min) and the 15-hydroxy the longest (20.61 min). The EI mode used for quantification of the monohydroxylated fatty acids is relatively more confident than the negative ionization mode, which is based only on a single ion at m/z ϭ M-181. Therefore, three criteria were used to validate a proper peak recognition: (a) the chromatographic retention time of the two main ions used for the quantification must have the same retention time as that found for the commercial calibrator injected under the same conditions, (b) the ion at m/z ϭ 73 (loss of TMS) used as a qualifier ion must be present at the same retention time, and (c) the relative abundance of these three ions must be in the same order of magnitude as that observed in the spectrum of the corresponding calibrator molecule. However, the hydrogenation step, which enhances the sensitivity and avoids artifacts as previously mentioned, does not define precisely the polyunsaturated fatty acid precursor. It remains that the 12-OH-20:0 and 15-OH-20:0 correspond mainly to 12-HETE and 15-HETE, respectively, arachidonic acid being the most abundant fatty acid with 20 carbons in blood cells. Interestingly, the amount of the presumed 12-HETE and 15-HETE in both the unesterified and esterified compartments of platelets were quite similar. Platelets produced mainly 12-HETE, suggesting that 15-HETE may be a marker of surrounding leukocyte activation occurring in whole blood [2] and made available to platelets during cell-cell interactions [29] . In contrast to what we observed with such 12-and 15-hydroxy derivatives, 5hydroxy-20:0 and 13-hydroxy-18:0 were not significantly higher in the unprotected platelets. This differs from the atherosclerotic situation where both 15-HETE and 13-HODE were enhanced in rabbit arteries [30] .
In both protected and unprotected platelets, the total amount of unesterified monohydroxylated fatty acids was lower compared with that of monohydroxylated fatty acids esterified in phospholipids. However, assuming ϳ400 nmol of phospholipids per 10 9 platelets, we may calculate that Ͻ1 of 10 000 phospholipid acyl chains was a monohydroxylated fatty acid. Their relative abundance in membrane lipids is in good agreement with previous data from Spector et al. [2] who reported such an estimation. Moreover, in platelets, monohydroxylated fatty acids seem preferentially esterified in the phospholipid fraction, as only traces were detected in both the triglyceride and sterol ester fractions. In addition, the observation that monohydroxylated fatty acids produced in greater amounts in unprotected platelets were weakly esterified in phospholipids supports previous works reporting low rates of 12-HETE incorporation in cell phospholipids [7, 8] .
Finally, this GC-MS procedure allowed us to measure the overall esterified and unesterified monohydroxylated fatty acids in human blood platelets at picomole concentrations. This may be a reliable and sensitive way to approach the in vivo specific oxidation of arachidonic acid as well as the result of oxidative stress.
